Because macrophages secrete lipoprotein lipase (LPL), we sought to determine if LPL activity would influence the metabolism of chylomicrons by macrophages. In initial studies, we showed that normal chylomicrons were a substrate for the macrophage's LPL activity. Uptake of normal chylomicrons occurred in a saturable fashion and was effectively competed for by human chylomicrons, very low density lipoproteins (VLDL), and rabbit beta-VLDL, but not by acetyl-low density lipoprotein (LDL), and only modestly by native LDL.
lipoproteins, and consequently increase cellular cholesteryl ester content. 3 " 6 Because triglycerides do not accumulate in abundance in atheromas, the possibility that triglyceride-rich lipoproteins could also be a source of the cholesterol that accumulates in arterial wall macrophages has been neglected. However, incubation of chylomicrons with human postheparin plasma, as a source of lipoprotein lipase (LPL), leads to production of remnants that can cause cholesteryl ester accumulation in cultured fibroblasts and smooth muscle cells. 78 Since we recently showed that cultural macrophages secrete LPL 9 ' 10 it is also possible that the macrophage LPL would generate remnants that might cause cholesteryl ester accumulation in these cells. These studies were undertaken to test this possibility.
Methods

Lipoproteins
After informed consent was obtained from normal, selected individuals, plasma was collected by routine venipuncture and placed in 1 mg/ml ethylenediamine tetraacetic acid. Human chylomicrons were isolated from a subject with documented lipo-protein lipase deficiency, 11 from a subject with Type V hyperlipoproteinemia, and from a subject homozygous for apo C-ll deficiency. 12 In addition, human thoracic duct chylomicrons were obtained from a patient undergoing thoracic duct lymph drainage (kindly supplied by John Vaughn, Research Institute of Scripps Clinic, La Jolla, California). Chylomicrons were isolated by flotation through a d = 1.006 NaCI layer (with 0.01 % EDTA) by a 1.4 x 10 6 g/min spin in a SW 41 rotor at 15°C in a Beckman L55 centrifuge. Each preparation was washed by a second flotation through an overlay of d = 1.006 saline. Because some chylomicrons prepared in this manner still contained large quantities of albumin (~ 20% of total protein), chylomicrons in some experiments were prepared by two centrifugations through a salt gradient as described by Minari and Zilversmit. 13 Such preparations contained less than 5% albumin.
Human very low density lipoprotein (VLDL) (d < 1.006) was isolated from pooled plasma of young, healthy, fasting, normolipidemic donors. Each VLDL preparation was washed once by centrifugation through a layer of d = 1.006 saline. Human low density lipoprotein (LDL) (d = 1.019 to 1.063) was isolated by standard techniques. 14 VLDL (d < 1.006) was also isolated from rabbits fed 2% cholesterol, 15 and consisted of greater than 90% beta-VLDL as judged by Pevikon-block electrophoresis. 15 This preparation is subsequently referred as to as beta-VLDL. Acetylated LDL was prepared as previously described. 3 Apoprotein content was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in a 3% to 20% gradient. The lipid and protein composition of the lipoprotein preparations are given in Table 1 .
Chylomicrons (and albumin) were iodinated with 125 l-Nal (Amersham-Searle Corporation, Arlington Heights, Illinois) by the iodine monochloride method as previously described. 16 More than 99% of the 125 Iradioactivity was precipitable by 10% trichloroacetic acid (TCA); approximately 20% of the radioactivity was extracted by chloroform/methanol (2:1, vol/vol) or ethanol/ether (3:1, vol/vol). As judged by precipitability in tetramethylurea, 17 a typical iodinated chylomicron preparation contained 40% of total radioactivity in apo B. Of the remaining radioactivity in apoproteins, 10% was found in apo E, and 10% to 20% was found in apo C. In earlier chylomicron preparations, approximately 10% to 20% of protein radioactivity was found in albumin; in later preparations isolated by the Minari and Zilversmit gradient, less than 5% of protein radioactivity was in albumin. Human apo C-ll and C-lll-1 were isolated as previously described; 18 highly purified LPL was prepared from bovine milk. 19 The protein concentration of lipoproteins and of cells was determined by a modification of the Lowry method. 20 Electron microscopy of negatively stained preparations of chylomicrons was done as previously described. 21
Preparation of Cultured Macrophages
Cultures of the J774 macrophage-like cell-line (clone G8), were obtained from Rockefeller University (courtesy of Helen Plutner and Jay Unkeless) and maintained in alpha-MEM containing gentamicin sulfate (50 /xg/ml) and fungizone (0.25 /xg/ml) with the addition of 5% heat-inactivated newborn calf serum (Irvine Scientific Sales Company, Fountain Valley, California). Before each experiment, cells were washed twice with the alpha-MEM medium. 9
Analysis of Cell Culture Experiments
After each experiment, the medium was removed, and TCA-soluble, noniodine degradation products were determined on aliquots as previously described 22 and expressed as micrograms of protein degraded per milligram of cell protein. Each monolayer (35-mm or 60-mm dish) was washed four to six times at 4°C with 2 ml of PBS containing 0.5 mM magnesium and 1 mM calcium. In experiments in which iodinated lipoproteins were used, cells were harvested in 0.250 ml of 0.25 M NaOH, and cellassociated radioactivity and protein content were de- tChylomicrons isolated by the Minari and Zilversmit procedure gave chylomicron preparations that contained less than 5% albumin. termined on aliquots as previously described. 22 Data are expressed as micrograms of cell-associated lipoprotein per milligram of cell protein and are not corrected for the extent of lipid labeling. In experiments in which the lipid content of cells was also determined, cells from three 60-mm dishes were pooled in 1.0 ml of water and sonicated for 10 seconds; aliquots were taken for protein and lipid analysis as described below.
To determine the lipid content of cells, sonicated cell suspensions were extracted with 24 volumes of chloroform/methanol (1M, vol/vol) for 15 hours at 4°C. To determine the lipid content of the incubation medium, 1 ml of medium was mixed with 12 ml of methanol and 6 ml of chloroform for 15 hours at 4°C. The precipitated protein was then pelleted by centrifugation at room temperature and the supernate was transferred to another extraction tube. Chloroform (6 ml) was then added to bring the final organic extraction ratio of chloroform/methanol to 1:1 (vol/ vol). The organic phase was washed with water, dried in a vacuum oven under reduced pressure, redissolved in chloroform/methanol (2/1, vol/vol), and separated into lipid classes by thin-layer chromatography (TLC) using silica gel plates (Analtech, Newark, Delaware) developed in hexane/ diethyl ether/acetic acid (80:20:1, vol/vol/vol). 23 """he mass of individual lipids was quantified by charring. 24 Oleic acid, triolein, free cholesterol, and cholesteryl oleate (Sigma Chemical Company, St. Louis, Missouri) were purified by TLC and used as standards for the lipid analysis. The recovery for the entire extraction and lipid analysis using the reference standard lipids was 105% ± 8% for free fatty acids, 98% ± 15% for triglycerides, and 103% ± 12% for cholesteryl esters, respectively. (Mean values of six samples at three different concentrations ± so). Triglyceride and cholesterol content of lipoproteins were determined by enzymatic methods using Boehringer-Mannheim Kits 126012 and 124087.
Results
Chylomlcrons as Substrate for Macrophage LPL
We have previously shown that J774 macrophages secrete LPL into the culture medium. 9 ' 10 To demonstrate that chylomicrons were a substrate for this enzymatic activity, we incubated human lymph chylomicrons that were devoid of any measurable, bound LPL activity with J774 macrophages and serially determined the lipid/protein ratio of the d < 1. fraction of the culture medium. As shown in Figure 1 , over 95% of the triglyceride mass of this fraction disappeared during the 24-hour incubation, while only 25% of the protein disappeared, leading to a decrease in the triglyceride/protein ratio from approximately 45 to 2. When apo C-ll-deficient chylomicrons were incubated with J774 cells for 5 hours, little or no hydrolysis of triglyceride occurred, and the culture medium containing the chylomicrons remained turbid. However, when human apo C-ll was added to the medium, there was dramatic, visible clearing of the medium, and lipid analysis showed a fall in medium triglyceride content and a corresponding rise in free fatty acid (FFA) content. (Figure 2 , Panels B and C).
The dramatic clearing of the incubation medium suggested that as triglyceride hydrolysis occurred, the mean particle size of the C-ll-deficient chylomicrons had decreased considerably. This was confirmed by determining the frequency distribution of particle sizes from electron micrographs prepared of the isolated chylomicrons and of the culture medium containing the chylomicrons after incubation for 5 hours in the presence and absence of added apo C-ll. Whereas 55% of all particles of the isolated chylomicrons had a diameter greater than 1000 A, and 45% of all particles had a similar diameter after the 5-hour incubation in the absence of C-ll, there were no particles detected over 800 A after the incubation with added C-ll. 
Uptake of Chylomlcrons by Macrophages
In initial experiments, we added chylomicrons (isolated from a subject with Type V hyperlipoproteinemia) to macrophage cultures in the absence of any other added protein in the medium. Under these conditions, whenever larger concentrations of chylomicrons were added or even when lower concentrations were used but for longer incubation times, we noted a marked increase in cell toxicity and death. When bovine milk LPL was added to such cultures containing chylomicrons, cell death was also greatly accelerated. We attributed this cell death to the presence of excess free fatty acids and in all subsequent experiments we included bovine serum albumin (BSA) in the culture medium. When BSA was present at 25 mg/ml, cell viability appeared excellent.
When 12s l-apo C-ll-deficient chylomicrons were incubated with J774 cells, there was saturable uptake and degradation of chylomicron protein even though no hydrolysis of triglyceride occurred (Figure 2 , Panels A and D). However, when apo-C-ll was added, the saturable uptake and degradation of 125 l-chylomicron protein was accelerated. Apo C-ll-deficient chylomicrons contained significant amounts of albumin despite extensive ultracentrifugal washings. The iodinated preparation used in the experiment shown in Figure 2 had 20% of protein radioactivity in albumin. To determine the extent of uptake and degradation of albumin that could have occurred independently of lipoprotein particle uptake, we performed parallel experiments in which we incubated increasing concentrations of iodinated BSA with cells. During a 5-hour incubation, uptake and degradation was absolutely linear up to 300 Mg/ml of added albumin, and the extent of albumin degradation at 60 /xg/ml was only 0.15 fig/mg cell protein, which would account for less than 5% of the total 125 l-chylomicron protein degraded.
To demonstrate that the added apo C-ll was not, itself, a required recognition marker that led to increased uptake by the macrophages, we compared the degradation of chylomicrons obtained from a subject with LPL deficiency in the absence or presence of apo C-ll added in equal amount to the experiment shown in Figure 2 . As shown in Figure 3 , uptake and degradation of normal chylomicrons was not accelerated by the addition of C-ll, excluding an independent role for C-ll as an obligatory recognition marker.
The data above show that enhanced LPL activity accelerated uptake and degradation of chylomicron protein. Apolipoprotein C-ll I is a reported inhibitor of LPL activity. 25 To determine if inhibition of LPL activity would decrease uptake of chylomicrons, we incubated normal 125 l-chylomicrons with macrophages in the presence and absence of increasing concentrations of C-lll (Figure 4) . At the higher concentrations of added C-lll, chylomicron protein degradation was inhibited over 30%. However, the addition of C-lll to 125 l-apo C-ll-deficient chylomicrons had no effect on their degradation.
To determine the mode of uptake of chylomicrons, we determined the ability of several unlabeled lipoproteins to compete for uptake with normal 125 l-chylomicrons ( Figure 5 A) . For these experiments we used chylomicrons from a subject with known LPL deficiency to insure that the chylomicron tracer was devoid of any intrinsic LPL activity. Human VLDL and rabbit beta VLDL were both effective competitors; acetyl LDL showed no competition while LDL inhibited degradation 40%, but only at very high concentrations. We also determined the ability of these unlabeled lipoproteins to compete for degradation of 125 l-C-ll-deficient chylomicrons (Figure 5 After incubation for 5 hours at 37°C the amount of noniodide, acid-soluble radioactivity was determined and expressed as a percentage of that found in the absence of C chylomicrons from the LPL-deficient patient, and human VLDL and rabbit beta VLDL were effective competitors, while LDL again showed little competition. Thus, even though the C-ll-deficient chylomicrons were not a substrate for LPL, they were taken up and degraded by a saturable mechanism similar to the normal chylomicrons.
Effect of Chylomicrons on Llpld Accumulation In Macrophages
When normal chylomicrons were incubated with J774 macrophages, there was a saturable process of accumulation of cellular triglyceride. When apo C-II was added to this incubation mixture there was no added effect on lipid accumulation (Figure 3, bottom  panel) . When apo C-ll-deficient chylomicrons were incubated with macrophages, there was a small increase in cellular triglyceride content, but far less than that caused by the uptake of the normal chylomicrons (compare Figures 2 E and 3) . Cholesteryl ester content did not change. However, when apo C-ll was added there was a two-to fourfold increase in the cellular accumulation of triglyceride ( Figure  2 E ) and a similar increase in the accumulation of cholesteryl ester content (Figure 2 F) . Clearly, hydrolysis of chylomicron-triglyceride led to enhanced saturable uptake and degradation of chylomicron-protein, and enhanced net accumulation in macrophages of triglyceride and cholesteryl ester content. 
Discussion
lodinated human chylomicrons were taken up and degraded by J774 macrophages in a saturable manner (Figures 2 and 3) . Degradation of the protein moiety of the chylomicrons was competed for by human chylomicrons, VLDL, and rabbit beta VLDL; acetyl LDL did not compete at all, while LDL partially inhibited degradation, but only at high concentrations. This is similar to results we have obtained using 125 I-VLDL as the tracer, 26 and is similar to the results reported by Gianturco et al. 27 for hypertriglyceridemic VLDL. The recognition marker(s) responsible for saturable uptake are not known at present. The observation that apo E is present in both chylomicrons and VLDL and constituted 80% of the apoprotein content of the rabbit beta-VLDL, which was an effective competitor, suggests that it may be involved. However, the observation that LDL also competed, albeit to a modest degree, suggests that the uptake mechanism may be complex.
Several laboratories have now shown that cultured macrophages constitutively secrete LPL into the culture medium. 9 ' ia **• M The studies described in this report clearly document that human chylomicrons are a substrate for the macrophage LPL activity. Human lymph chylomicrons, devoid of measurable LPL activity, were progressively hydrolyzed during a 24-hour incubation with macrophages (Figure 1) and triglyceride-poor particles were produced. The experiments with the C-ll-deficient chylomicrons, which are not a substrate for LPL, also clearly demonstrated that minimal hydrolysis of triglyceride occurred in the absence of added apo C-ll, but that addition of C-ll led to rapid hydrolysis, clearing of medium turbidity, and decreased particle size. In data presented elsewhere 26 we have also shown that normal human VLDL are a substrate for this LPL activity.
We also document for the first time that LPL activity accelerates the saturable uptake of chylomicron protein and lipid by macrophages. Several lines of evidence support this conclusion: First, the uptake and degradation of normal chylomicrons are greater than those of C-ll-deficient chylomicrons (compare Figures 2 and 3) , and the addition of apo C-ll to the apo C-ll-deficient chylomicrons accelerated the uptake and degradation of these lipoproteins. Second, the addition of apo C-lll to normal chylomicrons (capable of being a substrate for LPL), caused inhibition of uptake and degradation. Third, the addition of purified bovine milk LPL also led to an accelerated protein uptake and degradation (data not shown). We have also shown 26 that the macrophage LPL accelerates the uptake and degradation of VLDL as well. Thus, clearly LPL activity enhances saturable chylomicron uptake, presumably by generation of remnants that are taken up by a similar saturable mechanism, although at an accelerated rate. It is also possible that LPL bound to the surface of the lipoprotein serves as an independent recognition marker for macrophage uptake, but our observation that the addition of bovine milk LPL to cultures containing 125 I-LDL did not enhance LDL uptake makes this possibility less likely (data not shown).
The experiments with the C-ll-deficient chylomicrons also show that hydrolysis of chylomicron-triglyceride is not a prerequisite for saturable uptake of the lipoprotein. This was demonstrated in studies which showed that 125 l-C-ll-deficient chylomicrons were taken up and degraded in a saturable manner even in the absence of added C-ll (Figure 2 A) and by the fact that up to 70% of the degradation of C-lldeficient chylomicrons could be competed for by human chylomicrons and VLDL, as well as by rabbit beta VLDL (Figure 5 B) . The fact that even a large excess of unlabeled chylomicrons could not completely inhibit degradation of the C-ll-deficient chylomicron tracer suggests that other processes, such as adsorptive endocytosis or phagocytosis are also operative in chylomicron uptake.
We have also shown by mass measurements that chylomicrons can cause net accumulation of triglycerides in the cultured J774 cell. Although a portion of this triglyceride accumulation can be attributed to net uptake of an intact chylomicron particle, or of a remnant particle, some of the triglyceride accumulation probably occurs as the result of macrophage uptake of FFA formed from the hydrolysis in the medium of chylomicron-triglyceride. In studies reported elsewhere 26 we show that FFA in the medium can lead to triglyceride accumulation in macrophages. We also show that the presence of BSA in the medium leads to triglyceride efflux from the macrophage, presumably secondary to hydrolysis and subsequent FFA efflux. Thus, the factors in cell culture affecting net triglyceride levels in the macrophage are numerous, and caution must be used in interpreting the results, particularly in relating these in vitro results to the in vivo situation. Nevertheless, these studies clearly show that the action of the macrophage LPL leads to enhanced accumulation of triglycerides under the conditions studied ( Figure 2 ).
Of importance also was the observation that under conditions of optimal macrophage LPL activity, considerable accumulation of cholesteryl esters occurred in the macrophages. In fact, at a concentration of 60 /ng/ml of chylomicron protein in the medium, the threefold increment in cholesteryl ester content caused by LPL activity was equivalent to the three-to fourfold increment in triglyceride content, despite the fact that the triglyceride/protein ratio of the original chylomicron preparation greatly exceeded its cholesterol/protein ratio ( Figure 2 ). In part, this may reflect the uptake of a more triglyceride-depleted remnant particle, as well as a preferential rerelease of triglyceride in the form of FFA when albumin is in the medium but when no effective acceptor for free cholesterol is present (albumin does not act as a cholesterol acceptor 2630 ). If a similar situation occurred in vivo it would suggest that the uptake of chylomicron remnants could lead to a slowly pro-gressive increase in macrophage cholesteryl ester content, but not to an increase in triglyceride content. This would occur if the chylomicron was depleted of triglyceride by LPL activity leading to the uptake of a triglyceride-poor particle. This would also occur if the cellular triglyceride efflux exceeded the cholesterol ester efflux. In fact, Parker and colleagues 31 have shown that it is precisely in the situation where LPL activity is lowest, as in the diabetic lipemia syndrome, that triglyceride enrichment of tissue macrophages occurs, and as the hypertriglyceridemia resolves, the macrophages become relatively cholesteryl ester-enriched as triglyceride efflux exceeds that of triglyceride influx and cholesterol ester efflux.
These studies suggest a potential pathway by which triglyceride-rich lipoproteins could contribute to accumulation of cholesteryl esters in macrophages, even while only small amounts of triglyceride accumulate. As long advocated by Zilversmit, 32 these studies suggest an important link between the flux of triglyceride-rich lipoproteins and the atherogenic process mediated by LPL activity.
